In this paper we present relativistic core ab initio model potentials based on atomic Cowan-Griffin calculations, together with Wood-Boring spin-orbit operators and optimized Gaussian valence basis sets, for the lanthanide elements Ce to Lu and for the actinide elements Th to Lr. This completes the chemically relevant part of the Periodic Table. A ͓Kr,4d͔ core was chosen for Ce-Lu and a ͓Xe,4f ,5d͔ core was chosen for Th-Lr. Minimal (14s10p9d8 f )/͓2s1 p1d1 f ͔ and (14s10p11d9 f )/͓2s1 p1d1 f ͔ valence basis sets were, respectively, optimized for Ce-Lu and Th-Lr, and a ͓6s5 p5d4 f ͔ contraction is recommended for all these 28 elements in molecular calculations. The atomic and molecular results show the same good quality already observed for the main-group elements and the transition metal elements.
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I. INTRODUCTION
Effective core potential methods ͑ECP͒ are accepted as efficient tools to carry out spin-free and spin-orbit relativistic ab initio calculations in molecules and crystals. They are especially indicated when heavy elements are involved.
Two families of relativistic ECP methods exist: those relying on the pseudo-orbital transformation, 1 which produce nodeless valence pseudo-orbitals and are known as pseudopotential methods, and those based on the Huzinaga-Cantu equation, 2 which lead to valence orbitals with the same nodal structure as the all-electron orbitals and are know as model potential methods. Within the latter kind, the ab initio model potential method ͑AIMP͒ 3 resulted from the implementation of two ideas:
4 ͑i͒ the core model potentials are obtained directly from the frozen core orbitals, without resorting to parametrization procedures based on the valence orbitals, and ͑ii͒ the components of the core model potentials must mimic the operators that they substitute as much as possible, while reducing the computing time. Spin-free relativistic core AIMPs derived from atomic Cowan-Griffin calculations 5 and extended to include spin-orbit coupling effects according to Wood and Boring suggestions 6 constitute the so-called relativistic WB-AIMPs, 7 which are used with optimized valence basis sets. In addition to the nonrelativistic ones, the ingredients of the WB-AIMP method have been produced, successfully monitored, and used for the main-group elements and for the three series of transition metal elements. 4, [7] [8] [9] [10] [11] The quality of the one-electron effective spinorbit Wood-Boring operators was shown to be very high in atomic and molecular calculations. 12, 13 Also, the expected good performance of this method for f elements has been confirmed in relativistic spin-orbit calculations on Ce and spin-free calculations on CeO ͑Ref. 14͒ ͑Ce is recognized as a difficult case 15, 16 ͒ and taken as an indication that one could safely proceed with the lanthanide and actinide series.
In order to complete the chemically relevant part of the Periodic Table, we produced and present here the ingredients of the WB-AIMP method for the lanthanide elements Ce to Lu and for the actinide elements Th to Lr. ͑For these elements, several sets of relativistic pseudopotentials are available in the literature. [16] [17] [18] [19] [20] ͒ We present ͓Kr,4d͔ core AIMPs together with 5s,5p,4f ,5d,6s optimized valence basis sets and Wood-Boring spin-orbit operators for Ce-Lu, and ͓Xe,4f ,5d͔ core AIMPs with 6s,6p,5f ,6d,7s optimized valence basis sets and Wood-Boring spin-orbit operators for Th-Lr. It is worth noticing that the Gaussian primitive functions that have been optimized here with the Cowan-Griffin relativistic Hamiltonian are expected to be transferable to relativistic AIMPs based on the Douglas-Kroll-Hess Hamiltonian, 21, 22 as was the case of the transition metal elements from Sc to Hg.
͑1͒
For a molecule with N val valence electrons and N nuc nuclei ͑each with nuclear charge Z I and number of core electrons Z core I ͒, the spin-free Hamiltonian reads
with ĥ CG-AIMP (i), the one-electron spin-free relativistic Cowan-Griffin ab initio model potential, defined by
͑3͒
This operator is a practical, approximate representation of the corresponding frozen-core operator
which is made of the nonrelativistic kinetic energy operator and a sum of atomic operators that includes, for each of them, the nuclear attraction, the core Coulomb and exchange operators, the 29 Strictly speaking, Eq. ͑5͒ holds only when one valence orbital exists for a given l, whereas a different operator corresponds when more than one valence orbital of a given l is used; the use of coupling operator techniques 30 would be indicated in the latter case, leading to an operator which causes, say, the V MV,5s to act on the 5s and the V MV,6s to act on the 6s . It has been shown, however, that using the mass-velocity and Darwin potentials of the outermost valence orbitals for the inner valence orbitals leads to very small errors, safely acceptable within an effective potential method.
14 As a consequence with this, we will use this approximation. Finally, the last term on the right- is calculated with the core orbitals and orbital energies. All this defines the spin-free CG-AIMP Hamiltonian ͓Eq. ͑2͔͒ which is obtained without resorting to any parametrization procedure based on the use of the valence orbitals. The spin-orbit contribution in Eq. ͑1͒ is
with the atomic one-electron spin-orbit terms
Herein, l I and ŝ are the usual vector angular momentum and spin operators, respectively, and the angular projectors Ô l I are used in the form proposed by Pitzer and Winter. 31 The radial components are chosen to be analytical functions Herein, ␣ is the fine-structure constant, ⑀ nl are the orbital energies of the spin-free relativistic equations of Cowan and Griffin, and V(r) is an X␣ approximation to the HartreeFock one-electron potential. 5 This effective one-electron spin-orbit operator includes an average of two-electron contributions through the use of the X␣ Hartree-Fock ͑HF͒ potential V(r), although its detailed relationship to a meanfield spin-orbit operator is unknown. Also, an atomic scaling factor I is included in Eq. ͑8͒ which was first empirically parametrized 7 and later found to be unnecessary; 12 consequently, we use I ϭ1. The ͕B k ,␤ k ͖ parameters for the lanthanide elements and for the actinide elements have been produced here and they are presented in Tables II and III, respectively.
B. Spin-free-state-shifted WB-AIMP Hamiltonian
The spin-free relativistic H CG-AIMP Hamiltonian ͓Eq. ͑2͔͒ is used in standard nonrelativistic methods. The spindependent H WB-AIMP Hamiltonian ͓Eq. ͑1͔͒ is used in spinorbit configuration interaction ͑CI͒ calculations, i.g., in a basis of double-group symmetry-adapted determinantal functions with HF or complete active space self-consistent field ͑CASSCF͒ orbitals produced with the spin-free H CG-AIMP Hamiltonian. In order to treat electron correlation and spin-orbit interactions simultaneously at the highest possible level, the spin-free-state-shifted ͑sfss͒ Hamiltonian H s f ss WB-AIMP was introduced 13 H s f ss Table III in the CG-AIMP calculations, and with the numerical orbitals and operators ͓Eq. ͑10͔͒ in the all-electron numerical Cowan-Griffin-Hartree-Fock calculations. The AIMP calculations correspond to a ͓Xe,4f ,5d͔ core and a 6s,6p,5f ,6d,7s valence. Here, P and G are two CI spaces of, respectively, small and large relative size; P is required to be good enough for the calculation of the spin-orbit couplings but not for the electron correlation effects, for which the much larger G space is necessary. ⌽ P (iSM S ⌫␥) are spin-free CI wave functions in the small space and G.S. refers to the ground state, but it can be any given spin-free state. This sfss-Hamiltonian is a practical means to take advantage of the fact that electron correlation is handled with a much larger efficiency with spin-free Hamiltonians than with spin-dependent Hamiltonians. Its use is based on the assumption that correlation and spin orbit can be decoupled to a large extent. A sfss-spin-orbit calculation requires performing correlated spin-free calculations with the H CG-AIMP Hamiltonian using the G and P spaces and one final spin-orbit CI calculation with the H s f ss WB-AIMP Hamiltonian using the P space. A P space made of the significant reference configurations plus single excitations which can partially take care of spin-orbit polarizations has been proven to be very efficient in Ir ϩ , 12 Pt, 11 and Ce.
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C. Atomic valence basis sets
Once the relativistic core ab initio model potentials have been obtained as summarized in Sec. II A, what remains is the production of the valence basis sets. In order to do so, the H CG-AIMP Hamiltonian ͓Eq. ͑2͔͒ is used in atomic valenceonly Hartree-Fock calculations and the exponents and coefficients of Gaussian atomic orbitals are optimized by minimization of the valence SCF energy using standard allelectron methods. 32 After this, every single p, d, and f valence atomic orbital is spin-orbit corrected: 7 The coefficient of the innermost Gaussian primitive is changed and the orbital is renormalized, in such a way that the orbital spinorbit coupling constants calculated with the numerical Cowan-Griffin-Hartree-Fock atomic orbital and with the analytical spin-orbit-corrected valence orbital coincide. This procedure has been shown to significantly improve the spinorbit dependent properties at a time so that the quality of the bonding related properties is maintained. 7 Following this procedure, we obtained spin-orbitcorrected relativistic valence basis sets for the lanthanide elements Ce-Lu and for the actinide elements Th-Lr. They are presented in the Supplementary Material Section of Ref.
26 as E-PAPS document file. The radial functions of the valence orbitals of Sm and Pu are presented in Figs. 1 and 2 ; their similarity to the all-electron numerical orbitals is clear. The atomic valence properties that correspond to these basis sets are shown in Tables IV and V , where it is clear that they are very similar to the corresponding all-electron calculations. The basis sets are minimal valence basis sets of the size shown in Table I . When they are used in molecular calculations, their flexibility can be enhanced by adding or releasing the outermost primitives and by extension with appropriate functions, such as polarization and diffuse functions. For lanthanide elements, very stable results with respect to the basis set size are found when a number of outermost primitives are added to the minimal basis set up to a number of (14s10p9d8 f )/͓6s5 p5d4 f ͔ basis set functions ͑see Ref.
14͒. The errors due to the use of smaller ͓4s3 p3d3 f ͔ basis sets were 0.015 Å in bond distance, 10 cm Ϫ1 in vibrational frequency, and 0.2 eV in dissociation energy.
14 For actinide elements, a good performance is obtained as well with the same basis set size. The good quality of the results on the 1 ⌺ ϩ ground state of ThO using a (14s10p11d9 f )/͓6s5 p5d4 f ͔ basis set for Th and the same basis set for O as in Ref. 14, is shown in Table VI . Although several calculations on ThO exist, 33, 34 we compare our results with those of Ref. 17 , which use correct choices of basis set and of core/valence partition. Our results are essentially coincident with those of the energy-adjusted pseudopotential ͑EAPP͒ calculations with a slightly smaller core, 17 as was the case of transition metals, 11 and the comparison with experimental data is good having in mind that dynamical correlation effects are missing. ͑These effects have been previously found to be very similar in EAPP and AIMP calculations.
11
͒
III. CONCLUSIONS
Starting from atomic Cowan-Griffin calculations, we produced and presented here the ingredients of the WB-AIMP method for the lanthanide elements Ce to Lu and for the actinide elements Th to Lr, what completes the chemically relevant part of the Periodic Table. These are: relativistic ͓Kr,4d͔ core AIMPs and Wood-Boring spin-orbit operators for Ce-Lu, together with optimized minimal (14s10p9d8 f )/͓2s1 p1d1 f ͔ Gaussian valence basis sets, and relativistic ͓Xe,4f ,5d͔ core AIMPs and Wood-Boring spin-orbit operators for Th-Lr, together with optimized minimal (14s10p11d9 f )/͓2s1 p1d1 f ͔ Gaussian valence basis sets. A ͓6s5 p5d4 f ͔ contraction is recommended for all these 28 elements in molecular calculations. The atomic and molecular results show the same good quality already observed for the main-group elements and the transition metal elements. Reference 17. Relativistic energy-adjusted pseudopotential calculation corresponding to a ͓Kr,4d,4f ͔ core and a (12s11p10d8 f )/͓8s7p6d4 f ͔ basis set. c Relativistic ab initio model potential calculation corresponding to a ͓Xe,4f ,5d͔ core and a (14s10p11d9 f )/͓6s5p5d4 f ͔ basis set.
